There is considerable debate over the capacity of the cell wall polymer lignin to incorporate unnatural monomer units. We have identified Tnt1 retrotransposon insertion mutants of barrel medic (Medicago truncatula) that show reduced lignin autofluorescence under UV microscopy and red coloration in interfascicular fibers. The phenotype is caused by insertion of retrotransposons into a gene annotated as encoding cinnamyl alcohol dehydrogenase, here designated M. truncatula CAD1. NMR analysis indicated that the lignin is derived almost exclusively from coniferaldehyde and sinapaldehyde and is therefore strikingly different from classical lignins, which are derived mainly from coniferyl and sinapyl alcohols. Despite such a major alteration in lignin structure, the plants appear normal under standard conditions in the greenhouse or growth chamber. However, the plants are dwarfed when grown at 30°C. Glycome profiling revealed an increased extractability of some xylan and pectin epitopes from the cell walls of the cad1-1 mutant but decreased extractability of others, suggesting that aldehyde-dominant lignin significantly alters cell wall structure. 
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model legume | monolignol pathway | transposon mutagenesis L ignin is an abundant plant aromatic heteropolymer in secondary cell walls, where it plays crucial roles in mechanical support, water conductance, and pathogen defense. Generally, lignin is derived from three phenylpropanoid monomers, the monolignols 4-coumaryl, coniferyl, and sinapyl alcohols, that produce the 4-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units in the polymer; H units are typically minor (<2%) in angiosperm lignins. Most genes involved in lignin biosynthesis have now been characterized (1) . Because reduction of lignin content or alteration of lignin composition and structure can improve the processing of plant biomass for liquid biofuels (2, 3) or the digestibility of forages (4) , there is considerable interest in engineering novel lignins into plants (1, 5, 6) . Although there has been some debate over the extent to which lignin polymerization is biochemically controlled (7, 8) , an increasing body of evidence supports the theory that lignin polymerization is a strictly chemical process that occurs subject to simple chemical radical (cross-) coupling compatibility (6, 8, 9) .
Targeted down-regulation of lignin biosynthetic enzymes can result in a polymer in which the normal proportions of the H, G, and S units are significantly altered. For example, depletion of hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase (HCT) or coumaroyl shikimate 3′-hydroxylase (C3H) activities results in lignins with abnormally high proportions of H units (10, 11) . Depletion of caffeic acid/5-hydroxyconiferaldehyde 3-Omethyltransferase activity results in a lignin composed of a large proportion of nonconventional 5-hydroxyguaiacyl residues (12) . Such malleability in lignin biosynthesis is further illustrated by the recent discovery of naturally occurring lignins composed of caffeyl alcohol-or 5-hydroxyconiferyl alcohol-derived units in seed coats of members of the Orchidaceae and Cactaceae (13, 14) . Severe genetic alteration of lignin to elevate incorporation of nontraditional monomers is, however, often accompanied by plant dwarfing or developmental abnormalities such as irregular xylem; the mechanisms underlying such growth defects remain unclear (15) .
Cinnamyl alcohol dehydrogenase (CAD) is an enzyme specifically involved in the last step of monolignol biosynthesis, reducing the hydroxycinnamaldehydes to their corresponding hydroxycinnamyl alcohols, before their transport to the wall for lignification. Loss of function or down-regulation of CAD generally leads to reduction of lignin content and red coloration of xylem tissue (16) (17) (18) . Demonstration that hydroxycinnamaldehydes are integrally incorporated into the lignin, either as end groups or part of the polymer backbone, has been via the release of diagnostic markers during analytical thioacidolysis (18) (19) (20) , and by NMR (21, 22) . However, previous studies have overlooked the extent to which cell wall lignin can be derived from hydroxycinnamaldehydes.
Here, we describe the effect of CAD gene knockout in the model legume Medicago truncatula (23) (24) (25) . Retrotransposon insertions in the M. truncatula CAD1 (MtCAD1) gene result in stable mutant plants that grow normally under standard growth conditions. However, 2D NMR analysis revealed that lignins in MtCAD1 mutants are, surprisingly, composed almost exclusively (∼95%) of hydroxycinnamaldehyde-derived units.
Results
Isolation of MtCAD1 Mutants. To identify mutants with lignification defects, an R1 population of 3,600 independent R1 lines (around 10,000 plants) of tobacco transposable element of Nicotiana tabacum (Tnt1) retrotransposon insertion-mutagenized M. truncatula was screened by UV microscopy of cross-sections of the sixth stem internodes, which are lignified in wild-type plants. One line, NF1587, showed not only a strong reduction of blue lignin autofluorescence, but a red coloration in interfascicular fibers and vascular bundles was also visible under bright-field microscopy ( Fig. 1 A-D) .
Microarray analysis with RNA isolated from stem internodes of the mutant was used to identify the gene responsible for the above phenotype. As Tnt1 retrotransposon insertion-mutagenized M. truncatula plants usually contain 20-50 insertions per plant (25) , a progeny line segregating from the same parent plant but showing normal lignin deposition was used as control to minimize the transcript changes resulting directly or indirectly from other insertions. Total RNA samples were subjected to Affymetrix microarray analysis. In total, 108 probe sets were down-regulated, and 190 probe sets up-regulated, in the NF1587 line by at least twofold. The second and third most down-regulated probe sets (Mtr.8589.1.S1_at and Msa.1908.1.S1_at) were annotated as encoding CAD. To check for insertion of Tnt1 in the CAD gene in line NF1587, PCR was performed with a Tnt1 primer and primers designed from the probe set sequences. This failed to amplify a PCR product, indicating that there was no Tnt1 insertion in the CAD locus. However, PCR with primers designed from both ends of the probe set amplified a large product of around 5 kb, suggesting that there is indeed an insertion in the CAD locus. Partial sequencing of the insertion (Fig. S1 ) indicted a native retrotransposon of M. truncatula instead of the expected Tnt1 retrotransposon.
A cDNA BLAST search was performed against the M. truncatula genome sequence from the Dana-Faber Cancer Institute (DFCI) bioinformatics Web site (http://compbio.dfci.harvard.edu/ tgi/cgi-bin/tgi/gimain.pl?gudb=medicago). The first hit with the lowest e value was TC176769, which contains a 1,656-bp cDNA sequence, including the entire Mtr.8589.1.S1_at and Msa.1908.1. S1_at probe sequences. TC176769 shows high sequence similarity to Arabidopsis CAD4 (At3g19450), one of the two primary ligninspecific CADs in Arabidopsis (16, 26) . We named the full-length sequence M. truncatula CAD1 and the NF1587 mutant cad1-1.
The Medicago CAD1 gene contains five exons and four introns and the insertion in NF1587 is in the third exon (Fig. 1E) . One additional insertion line (NF1807) of MtCAD1 was subsequently obtained by reverse genetic screening. The Tnt1 insertion was in the fourth exon (Fig. 1E) , and the mutant was termed cad1-2. RT-PCR indicated that there is no full-length transcript of MtCAD1 in either of the mutants (Fig. 1F ).
Chemical Characterization of MtCAD1 Mutants. Homozygous lines of both mutants showed a strong reduction in total lignin measured by the acetyl bromide method (Fig. 2A) ; it should be noted, however, that any lignin assay has an unknown accuracy when the lignin structure is drastically changed (see below). Analytical thioacidolysis revealed that the levels of traditional G and S monomers released by cleaving β-O-4-linked units were severely reduced (Fig. 2B ). In addition, thioacidolysis of the mutants released coniferaldehyde-derived indene derivatives, markers that are diagnostic for the incorporation of hydroxycinnamaldehyde monomers into lignins via 8-O-4 coupling (19, 20) , whereas the indenes were undetectable in the wild-type plants (Fig. 2C ).
Complementation of MtCAD1 Mutations. The above microarray analysis revealed that a suite of genes involved in secondary cell wall biosynthesis had reduced expression by at least twofold in the cad1-1 mutant line (Table S1 ). These include a putative homolog of AtMYB46, a master switch of secondary wall biosynthesis (27), 4-coumaroyl-CoA ligase, laccase17, phenylalanine ammonia-lyase 1 (PAL1) and PAL2 involved in the monolignol pathway, and cellulose synthase7 and GAUT12 involved in biosynthesis of cellulose and hemicelluloses/pectins, respectively (28, 29) . To confirm that the lignification phenotype was indeed the result of insertional mutagenesis of CAD1, rather than from reduction in expression of another cell wall biosynthetic enzyme, the coding sequence of CAD1 driven by the 35S promoter was used for complementation of the cad1-1 mutant. The lignin level in the mutant was significantly restored, and the indene signature disappeared, in six independent transformation events ( Fig. 2 ). MtCAD1 could also rescue the phenotype of the Arabidopsis cad4/cad5 double knockout mutant; the red coloration in the fibers of the double mutant was no longer visible in the complemented line (Fig. S2A) , and acetyl bromide lignin levels were also partially rescued (Fig. S2B ).
Biochemical Properties of MtCAD1. The ORF of Medicago CAD1 was expressed in Escherichia coli. The histidine-tagged recombinant protein was purified to homogeneity by nickel affinity chromatography and, after removal of the His-tag, was assayed for activity against a range of potential substrates. MtCAD1 catalyzed the reduction of 4-coumaraldehyde, coniferaldehyde, and sinapaldehyde, with similar kinetic constants, high affinities, and a slight catalytic preference for 4-coumaraldehyde (Table S2) . (32) .
In the aromatic regions of the heteronuclear single-quantum coherence (HSQC) NMR spectra of cell walls from the cad1-1 mutant (Fig. 3B) , the "normal" guaiacyl (G) and syringyl (S) units derived from monolignols were present at extremely low levels. Instead, dominant signals appeared from unusual guaiacyl (G′) and syringyl (S′) units derived from polymerization of hydroxycinnamaldehydes (21, 22) . In terms of the HSQC contour intensity ratio, the aldehyde-derived units (G′ + S′) accounted for ∼95% of the total lignin aromatics detected (Fig. 3B) . In addition, correlations from unsaturated cinnamaldehyde end-units, X2 7 and X2 8 , and hydroxycinnamaldehyde side-chain signals, G′ 7 and S′ 7 , were also clearly observed in the spectra from the cad1-1 mutant. As expected, the cell wall lignins in the wild-type plants are typical G-rich G/S-lignins, and the natural presence of aldehyde units was minimal (Fig. 3A) ; particularly in the wild-type plants, G′ 2 signals might be overestimated by the presence of oxidized β-aryl ether units with α-carbonyl carbons (30) . The S/G ratios in the wild-type samples were nearly identical to the S′/G′ ratios in the cad1-1 mutants. The signal patterns in the cad1-1 mutant spectra were well matched with those observed in the spectra of DHPs prepared from coniferaldehyde and sinapaldehyde ( Fig. 3 C and D) . The NMR spectra from two independent CAD down-regulated alfalfa lines (32) revealed significant G′ and S′ signals (37% and 13% of the total lignin aromatic signal), but classical G and S units remained predominant (Fig. 3 E and F) .
In the aliphatic regions of the HSQC spectra of whole cell walls from wild-type plants, typical lignin side-chain signals from β-aryl ether (I), phenylcoumaran (II), and resinol (III) structures, as well as cinnamyl alcohol end groups (X1), were readily visible (Fig. 3A) . Those signals were, however, practically absent in spectra from the cad1-1 mutants (Fig. 3B) . Instead, in the aldehyde region (Fig. 3 A and B, Insets) , aldehyde signals uniquely derived from hydroxycinnamaldehyde polymerization (21, 22) were clearly observed (Fig. 3B) . The 8-O-4-(I′ and I″) and 8-8-(III′) units with unsaturated side chains as well as augmented cinnamaldehyde end units (X2) were resolved; similar signal patterns were also observed in the spectra of DHPs prepared from coniferaldehyde and sinapaldehyde (Fig. S3A) , and less apparently but also visible in the spectra of the two CAD downregulated alfalfa lines (Fig. S3A) . These aldehyde signals, except for the naturally occurring cinnamaldehyde (X2) and benzaldehyde (X3) end units, were not visible in the spectra from the wildtype plants (Fig. 3A) nor from a conventional DHP from coniferyl and sinapyl alcohols (Fig. S3A) . 
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Two independent alfalfa lines with CAD activity reduced by antisense expression (partial spectra) generated in a previous study (32) .
(G and H) Conventional and new lignin subunits derived from polymerization of coniferyl and sinapyl alcohols (G) and coniferaldehye and sinapaldehyde (H).
We also analyzed cell wall polysaccharide unit profiles by NMR (Fig. S3B) . The HSQC signal patterns observed in polysaccharide anomeric regions of the whole-cell wall NMR spectra (30, 33) appeared to be similar for wild-type and cad1-1 M. truncatula grown in the growth chamber at 22°C (Fig. S3B) .
Phenolic Metabolites in MtCAD1 Mutants. To determine whether hydroxycinnamaldehydes spill over into other metabolites in the cad1 mutant, liquid chromatography (LC)-MS coupled with photodiode array detection was used for metabolite profile analysis of organic extracts from stem samples of 4-mo-old mature cad1-1 and wild-type plants. The main differences between the soluble phenolic profiles of mutant and wild-type plants were the overaccumulation of the predicted substrate of CAD1, coniferaldehyde, and feruloyl glucose, in the mutant (Fig. S4 and Table S3 ). Feruloyl glucose could be formed from coniferaldehyde via the action of an aldehyde dehydrogenase followed by glucosylation (34, 35) ; neither coniferaldehyde nor feruloyl glucose was detectable in extracts from wild-type tissue (Fig. S4A) . Levels of flavone (apigenin) glucuronoside, a major phenolic constituent of Medicago species (36), were essentially unchanged in the cad1-1 mutant (Table S3) .
Levels of wall-bound phenolic compounds were determined by HPLC analysis of alkaline hydrolysates of isolated cell walls. The cad1-1 cell wall samples released significantly higher amounts of vanillin, ferulic acid, and p-coumaric acid than the wild-type controls ( Fig. S4B and Tables S2 and S3B ). In addition, the cad1-1 mutant accumulated wall-associated coniferaldehyde and syringaldehyde, neither of which was detected in cell walls from wildtype plants (Fig. S4B and Tables S3 A and B).
Altered Extractability of Cell Wall Polysaccharides in MtCAD1
Mutants. We used glycome profiling to determine whether the abnormal lignin structure of the cad1-1 mutant impacts polysaccharides within the cell walls. Cell wall residues from the cad1-1 mutant and control wild-type plants were fractionated by increasingly harsh sequential extractions, and each fraction subjected to ELISA using a panel of 155 plant cell wall glycandirected monoclonal antibodies (37) (Table S4) . Changes observed in the cad1-1 mutant cell walls are highlighted by dotted blocks in Fig. S5 . The alterations of lignin structure in the cad1-1 mutant were associated with significantly enhanced abundance of xylan epitopes in the carbonate and 4 M KOH extracts compared with the control samples. Pectin-directed epitopes (homogalacturonan-1 and rhamnogalacturonan-I) also showed stronger signals in the oxalate and 4 M KOH fractions of the cad1-1 mutant cell wall than the controls, and the abundance of pecticarabinogalactan epitopes was also significantly enhanced in the 4 M KOH extracts of the mutant cell wall sample. These results suggest that subpopulations of several classes of polysaccharides are altered in their cross-linking into the cell wall matrix. The reduced overall level of polysaccharide extractability per gram of cell wall residue in the cad1 mutant (Fig. S5, upper bar graph  panel) suggests an overall greater extent of wall cross-linking in the mutant, although the structural basis for this observation is not clear at present.
MtCAD1 Mutants Exhibit a Temperature-Sensitive Growth Phenotype.
MtCAD1 mutant lines appeared to grow normally in the greenhouse at 22°C (Fig. 4A) . However, when grown at higher temperature (30°C), the cad1 mutant lines were strongly dwarfed compared with wild-type plants (Fig. 4B) . Both insertion lines showed the same growth defect, which could be rescued by complementation with the wild-type copy of MtCAD1. The overall growth of wild-type plants at 30°C was very similar to their growth at 22°C (Fig. 4 A and B) .
Based on 2D NMR analysis, growth at high temperature had only small effects on lignin composition and structure, with slightly increased S′/G′ ratio in the cad1-1 mutants, but not S/G ratio in the wild-type plants (Fig. S3 C and D, and Fig. 3 ). Growth at high temperature induced reductions of unknown cause in galacturonate (GalpA) signals (30, 33) in both the wild type and cad1-1 mutant (Fig. S3B) .
Microarray analysis was performed with RNA isolated from mutant and wild-type plants grown at 22 and 30°C. Genes of interest were those expressed differentially between mutant and wild type only at high temperature. Within this class were many pathogen response-related genes, and a set of heat shock-related genes that were not up-regulated in the wild type at elevated temperature (Table S5) .
Discussion
CAD genes usually exist as a multigene family in angiosperms, and the corresponding enzymes have significant affinity for both coniferaldehyde and sinapaldehyde. Of the nine Arabidopsis CADs (38), CAD5 is the most catalytically active and can use all potential monolignol pathway hydroxycinnaldehydes effectively. However, loss of function of CAD5 has only a small effect on lignin content and composition (26) , and simultaneous disruption of CAD4 and CAD5 is required to generate a significant lignin biosynthesis defect (16) . In contrast, disruption of only CAD1 in M. truncatula results in a large reduction in lignin levels and a striking alteration in lignin structure. Similar to the apparent lack of redundancy in CAD function in M. truncatula, knockout of the single Medicago NST1 gene phenocopies the Arabidopsis NST1/NST3 and NST1/NST2 double-knockout mutants, showing defects in both secondary cell wall biosynthesis and anther dehiscence (39) .
Our NMR data reveal that the cell wall lignins synthesized in the Medicago CAD mutants are massively (by ∼95%) composed of polymers derived from hydroxycinnamaldehydes. Several previous studies have reported the impacts of CAD down-regulation on lignin content and composition (16, 19, (40) (41) (42) (43) . However, none has shown the presence of a lignin with the remarkable structure described here. The prior failure to observe lignin derived predominantly from hydroxycinnamaldehydes is likely the result of two factors: (i) CAD gene redundancy, such that genetically targeted knockdown or knockout fails to reduce CAD activity to a level that blocks formation of hydroxycinnamyl alcohols, or (ii) simple failure to detect the presence of highly aldehyde-rich lignins; this may be due to the previously limited interpretability of spectra, or to the application of analytical techniques having insufficient resolution or that are not specifically targeted to detection or discrimination of incorporated hydroxycinnamaldehydes.
The highly unusual lignin composition in the Medicago cad1 mutants is associated with increased extractability of subpopulations of polymers containing xylan and pectic (rhamnogalacturonan) residues, and reduced extractability of pectic arabinogalactan residues. Although likely, it is not yet proven that this reflects altered lignin-polysaccharide linkages in the walls of the mutant. Reduced lignin polysaccharide cross-linking would, however, be expected for hydroxycinnamaldehyde-derived polymers. This is because the quinone methide intermediate resulting from β-O-4 cross-coupling of a monolignol with the phenolic end of a growing lignin oligomer is capable of being nucleophilically trapped by polysaccharide hydroxyls or pectin uronic acids resulting in lignin-benzyl-polysaccharide ethers or lignin-benzyl-uronate esters, whereas the quinone intermediate resulting from analogous 8-O-4 cross-coupling of a hydroxycinnamaldehyde has a more facile pathway for rearomatization-elimination of the acidic 8-proton (next to the aldehyde carbonyl) is faster than external nucleophile addition (22, 44) .
Genetic modification of the lignin biosynthetic pathway in plants can cause moderate-to-severe growth defects depending on the gene targeted. In general, plants deficient in C3′H, hydroxycinnamoyl-CoA: shikimate HCT, cinnamate 4-hydroxylase, or cinnamoyl-CoA reductase exhibit dwarfed phenotypes (10, (45) (46) (47) , whereas the Arabidopsis CAD4/CAD5 double mutant does not exhibit a significantly reduced growth phenotype even though the lignin content is reduced based on determination with acetyl bromide (16) . Whether alteration of lignin structures is primarily responsible for such developmental defects is currently unclear. To date, to the best of our knowledge, no monolignol biosynthetic mutant in any plant species has been reported to have a similar conditional growth phenotype to the Medicago cad1-1 and cad1-2 mutants. The NMR data suggest that growth at elevated temperature does not significantly affect lignin composition.
The phenotype of dwarfing associated with defense gene expression at the restrictive temperature in the M. truncatula cad1 mutants is similar to that observed in HCT-deficient alfalfa (48) . Some of the genes activated at the restrictive temperature in the cad1-1 mutant (e.g., two PR genes and a set of DNAJ-type heat shock genes) are up-regulated in HCT down-regulated alfalfa grown at the permissive temperature for the cad1 mutants (48) . This suggests that the mechanisms underlying the dwarf phenotypes and defense-gene expression patterns of both HCT-deficient alfalfa and the Medicago cad1-1 mutant may be similar.
Two hypotheses are currently under consideration to explain the dwarf phenotypes of lignin down-regulated plants. One postulates nonspecific stress due to impairment of vascular function (10), which can reduce transpiration capacity, leading to overheating and induction of heat shock proteins (49) . The other proposes involvement of chemical signals released from incorrectly assembled cell walls (48) . CAD down-regulation may impact cell wall integrity less severely than HCT down-regulation, such that elicitor-active cell wall fragments are not released at the restrictive temperature.
The almost exclusive derivation of lignin polymers in the cad1 mutants from nontraditional lignin monomers extends the scope of modifications that we may yet consider for lignin modification toward improved biomass processing. The present results suggest, however, that transgenic plants with low lignin should be carefully tested under a range of different environmental conditions for possible biomass reduction traits.
Materials and Methods
Plant Materials and Growth Conditions. A tobacco (Nicotiana tabacum) Tnt1 retrotransposon-tagged mutant collection of M. truncatula (25) was screened for defects in secondary cell wall formation. Plants were grown in MetroMix 350 soil mix at 24/20°C (day/night), with a 16-h day/8-h night photoperiod, 70-80% relative humidity, and 150 μmol·m −2 ·s −1 light intensity. The sixth internodes were harvested when plants had reached around eight internodes, and were stored at −80°C.
Identification and Molecular Cloning of MtCAD1. Total RNA samples from the fifth to the eighth internodes were subjected to Affymetrix microarray analysis. Segregating progeny without the reduced lignification phenotype from the same parent plant were used as controls. PCR of down-regulated probe sets was performed using gene-specific primers to confirm that the insertion was linked to the phenotype. To clone the full-length CAD1 gene, BLAST analysis of the M. truncatula genome from DFCI (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain. pl?gudb=medicago) was performed using Mtr.8589.1.S1_at as the query probe sequence; this led to a complete cDNA sequence (TC176769). The CAD1 genomic sequence was PCR amplified and sequenced from M. truncatula ecotype R108.
Medicago Transformation. Cloning of MtCAD1 for complementation was performed as described in SI Materials and Methods, and Medicago transformation performed as described previously (50) .
Microarray Analysis. Microarray analysis was performed as described in SI Materials and Methods.
Determination of Lignin Content and Composition. Lignin content and composition were determined by acetyl bromide and thioacidolysis assays as described in SI Materials and Methods.
Expression of MtCAD1 in E. coli and Assay of Enzyme Activity. Cloning of the CAD1 ORF, transformation into E. coli, protein expression, purification, and assay of enzyme activity and kinetics were performed as described in SI Materials and Methods.
Determination of Soluble and Wall-Bound Phenolics. Soluble phenolic compounds were extracted as described in SI Materials and Methods. Phenolics were identified by LC-electrospray ionization-MS/MS as described (51) . Authentic feruloyl glucose was prepared as described (52) . Coniferaldehyde, sinapaldehyde, vanillin, syringaldehyde, p-coumaric acid, and ferulic acid were obtained from Sigma-Aldrich.
DHPs. DHPs were generated via peroxidase-catalyzed polymerization as described previously (13) and further elaborated in SI Materials and Methods.
NMR Analysis. NMR spectra of plant cell walls and DHPs were acquired on a Bruker Biospin AVANCE 700-MHz spectrometer fitted with a cryogenically cooled 5-mm TXI gradient probe with inverse geometry (proton coils closest to the sample). The detailed NMR methods used were largely as described previously (30, 31) , and as further described in SI Materials and Methods.
Glycome Profiling. Sequential extraction and glycome profiling of alcohol insoluble cell wall residues were performed as described previously (37) .
